Abstract. West Nile virus ecology has yet to be rigorously investigated in the Caribbean Basin. We identified a transmission focus in Puerto Barrios, Guatemala, and established systematic monitoring of avian abundance and infection, seroconversions in domestic poultry, and viral infections in mosquitoes. West Nile virus transmission was detected annually between May and October from 2005 to 2008. High temperature and low rainfall enhanced the probability of chicken seroconversions, which occurred in both urban and rural sites. West Nile virus was isolated from Culex quinquefasciatus and to a lesser extent, from Culex mollis/Culex inflictus, but not from the most abundant Culex mosquito, Culex nigripalpus. A calculation that combined avian abundance, seroprevalence, and vertebrate reservoir competence suggested that great-tailed grackle (Quiscalus mexicanus) is the major amplifying host in this ecosystem. West Nile virus transmission reached moderate levels in sentinel chickens during 2007, but less than that observed during outbreaks of human disease attributed to West Nile virus in the United States.
INTRODUCTION
West Nile virus (WNV) is a mosquito-borne pathogen that began circulating in the Caribbean Basin in 2001. 1 Ecological studies of WNV in Europe, Asia, the Middle East, and the United States have shown that Culex (Culex) mosquitoes serve as vectors and that particular species of birds are the principal amplifying hosts. 2, 3 Culex mosquitoes and passerine birds appeared to be responsible for WNV amplification in Puerto Rico in 2007. 4, 5 By 2007, serologic evidence for WNV circulation in free-ranging birds and/or horses was reported in numerous tropical locations around the rim of the Caribbean Basin, including Mexico, [6] [7] [8] Guatemala, 9, 10 Costa Rica, 11 Colombia, 12 Venezuela, 13 Guadaloupe, 14 Puerto Rico, 15 Dominican Republic, 16, 17 Haiti, 18 Jamaica, 19 and Cuba. 15 Ecological parameters of WNV transmission have yet to be clearly defined in tropical ecosystems typical of the Caribbean Basin countries. 1 Serosurveys of free-ranging birds in several countries have identified infections in numerous species of birds but with the exception of a recent report in Puerto Rico, 4 none of these studies were focused in time and place coincident with active transmission. 7, 8, 16, 17, 19 Similarly, several isolates were derived from various species of Culex mosquitoes in tropical America, but except for Puerto Rico, 5 insufficient data were available to incriminate them as WNV vectors. [20] [21] [22] To determine vectors and amplifying hosts, it is necessary to study WNV ecology within a transmission focus. No such studies have been reported from Central America.
Presumably WNV uses similar hosts and vectors in the tropics as in temperate regions. Therefore, we hypothesized that certain passerine birds and Culex mosquitoes would amplify and transmit WNV in Guatemala, where WNV appears to have been circulating since 2003. 9 Accordingly, we established a sentinel chicken surveillance network to detect active WNV transmission foci for the development of further ecological studies. Periodic sampling of resident poultry in several Guatemalan departments representing different ecoregions was initiated in 2004. Once an active transmission focus was detected, in the humid Atlantic coast eco-region, we established systematic monitoring of seroconversions in domestic poultry, seroprevalence in free-ranging birds, and viral infections in mosquitoes. Our principal objectives were to describe the vectors, amplifying hosts, and seasonality of WNV transmission. We herein report the findings of our longitudinal investigation, including spatio-temporal patterns of transmission, candidate vectors, and avian amplifying hosts.
MATERIALS AND METHODS

Study sites. In 2004-2005, seven different departments of
Guatemala corresponding to different eco-regions were selected for initial prospective monitoring of free-ranging domestic chickens for evidence of local WNV transmission ( Figure 1 ). In 2006, we selected the municipality of Puerto Barrios (15 50 N and 88 28 W), Department of Izabal, for follow-up longitudinal ecology studies of WNV. This Department is located on the Caribbean coast of Guatemala within a subtropical wet forest life zone. Climatic conditions are generally hot and humid without a well-defined dry season. Mean annual precipitation is 3,500 mm. Monthly rainfall and average temperature data from Puerto Barrios were obtained from the Guatemalan Instituto Nacional de Sismología, Vulcanología, Metereología e Hidrología (NSIVUMEH).
Ecological studies were conducted between March 2006 and March 2009 in an 80 km 2 geographic area within the Puerto Barrios municipality. Ten 1-km 2 blocks were randomly selected and a sampling site was selected within each of these blocks. The sampling sites were selected according to the following criteria: 1) access to private property, 2) presence of backyard poultry, and 3) secure vehicular access (Figure 2 ). In the event of a change in access to a sampling site, the site was relocated to the nearest site that fulfilled the selection criteria. At each site, we surveyed for seroconversion of domestic chickens, mosquito densities, and relative abundance of bird populations.
Each of the 10 sampling points was assigned a macrohabitat category (rural versus urban) according to visual estimates of urbanization and vegetation in an area of~3 hectares where the bird population surveys were conducted. Urban sites were defined as having 30% of road and human dwelling habitats. Rural habitats in the study area included predominantly riparian forest, pasture, and cropland.
Wild birds were captured in two different sites located within the 80 km 2 study area as explained below. Chicken monitoring. We placed uniquely numbered aluminum leg bands on 5-10 chicks in each of the 10 sampling sites. Monthly, blood samples (~1 mL) were collected from the brachial or jugular vein of these marked domestic birds using 1-cc syringes with 26 g 1/2-inch sub-Q needles (Becton-Dickinson, Franklin Lakes, NJ), divided among two 0.6-mL Microtainer serum collection tubes (Becton-Dickinson), and centrifuged for serum separation allowing at least 15 minutes for coagulation. Samples were frozen on dry ice for transport to the Universidad Del Valle de Guatemala (UVG) where they were stored at −20 C. One tube per sample was thawed for antibody detection assays described below. The second tube was available for additional testing if necessary. Initial blood samples were tested to confirm seronegativity for WNV. Results were expressed as the number of seroconversions in the numerator, and the number of chicken-weeks of exposure in the denominator. One chicken exposed to mosquito bites for 1 week represents 1 chicken-week of exposure. Chickens that either seroconverted (became positive for WNV-reactive antibodies), disappeared, or died were replaced to maintain 5-10 birds per sentinel flock. These chickens belonged to and were cared for by private property owners. Supplemental food and preventive veterinary care were provided as needed.
Mosquito surveys. Mosquito population densities were estimated from collections of adult mosquitoes in one CO 2 -baited Centers for Disease Control and Prevention (CDC) light trap (John W. Hock Co., Gainesville, FL) and one gravid trap 23 placed for 1 night per month in each of the 10 sampling sites. In the morning, collection nets were placed in a box containing dry ice to kill the insects by CO 2 asphyxiation. Killed insects were poured onto plastic trays for manual separation of mosquitoes into Nalgene cryovials (Sigma-Aldrich Corp., St. Louis, MO) that were then frozen on dry ice for transport to UVG. In the laboratory, collection cryovials were stored at −70 C until thawed for mosquito identification. Adult female mosquitoes were identified by their morphological characteristics viewed through a stereo microscope (on a chill table) using the Clark-Gil and Darsie key. 24 Pools of no more than 50 mosquitoes were separated according to species, location, date, and trap type, and then replaced at −70 C until processed for further testing. Beginning in 2007, supplemental mosquito collections were conducted within 6 weeks following chicken seroconversions using 5-10 traps of each type in the sampling site where the seroconversion event was detected.
Bird counts. To estimate bird abundance, point count surveys 25 of birds (wild and domestic) were undertaken by one ornithologist and an assistant at each of the 10 sampling sites. At each site, birds were counted from four different stations located at 150-m intervals along a walking route that began as close as possible to the sentinel chicken flock. At each station, the ornithologist reported visual and auditory observations of all individual birds by species within~50 m during a 4-minute period. In 2006, point counts were conducted every 3 months. Since May 2007, point counts were conducted monthly.
Relative abundance (no. observed individuals of a species divided by the no. of all birds observed) was calculated seasonally for 119 species that were observed during the survey.
Wild bird antibody surveys. Two locations (A and B; Figure 2 ) were selected within the 80 km 2 study area to study the prevalence of WNV-reactive antibodies in wild resident birds. Both locations were comprised primarily of secondary forest and pastures. Location A was the Naval Base airport about 1 km from the urban zone of Puerto Barrios. Location B was the rural village of Machacas del Mar about 7 km from the urban zone. Bird captures were carried out during 1-to 2-week periods~3 months apart from April 2006 to July 2009. Freeranging birds were captured using 18-20 mist nets of various mesh sizes and lengths, monitored continuously from sunrise to sunset. Resident birds were identified and aged as juveniles ( 1 year of age) or adults ( 1 year of age) when possible and marked with numbered leg bands. Blood (volume~1% body mass up to maximum 0.65 mL) was collected from the jugular vein of birds that weighed 10 g, using 1-cc syringes with 26 g 1/2-inch or 27 g 5/8-inch sub-Q needles (BectonDickinson). Mass was measured using a handheld Pesola scale (Avinet, Inc., Dryden, NY). Blood was processed identically as for chickens. Smaller birds and migratory species were released without sampling.
Antibody detection assays. Serum samples from wild and domestic birds were tested using an epitope-blocking enzyme-linked immunosorbent assay (B-ELISA) as described previously. 26 Briefly, any sample that blocked both the nonspecific flavivirus-reactive monoclonal antibody 6B6C-1 and the WNV-specific monoclonal antibody 3.1112g by 30% was considered positive. The positive samples and a subset of negative samples were confirmed by the plaque reduction neutralization test (PRNT) using Vero cells as previously described. 27 Reference virus strains used in the PRNT were the NY99-4132 strain of WNV and the TBH-28 strain of St. Louis encephalitis virus (SLEV). Serum samples were diluted 1:5 in BA1 media (Hanks M-199 salts, 0.05 M Tris, pH 7.6, 1% bovine serum albumin, 0.35 g/L of sodium bicarbonate, 100 U/mL of penicillin, 100 μg/mL of streptomycin, 1 μg/mL of Fungizone) before incubation with an equal volume of virus suspension. To compare titers against both WNV and SLEV, serum samples were tested in serial 2-fold dilutions in duplicate starting with 1:10. Samples that reduced the number of plaques formed by 90% or more for at least one of the reference viruses were considered positive by PRNT, and determined to contain anti-flavivirus antibodies. These antibodies were attributed to either WNV-or SLEV-infection if the reciprocal titer for WNV was at least 4-fold greater than that of SLEV or vice versa, respectively.
Arbovirus detection from mosquitoes. All pools of female Culex mosquitoes were homogenized and tested in duplicate for viral plaque growth or cytopathic effects on Vero cell monolayers in 6-well plates or 1-dram shell vials. 28 Cultured viruses were harvested in 1 mL of BA1 supplemented with 20% fetal bovine serum, and 140 μL of the virus suspension was RNA-extracted and tested by reverse transcriptionpolymerase chain reaction (RT-PCR) with group-specific flavivirus, alphavirus, and bunyavirus primers according to published protocols. [29] [30] [31] Positive RT-PCR reactions were followed with specific primers and probes for WNV (and other regional arboviruses) in a real-time RT-PCR format when available. 32 To enhance the detection of WNV and other arboviruses, all Culex quinquefasciatus pools were also tested specifically for WNV using WNV-specific primers. 32 In addition, since 2007, all pools of Culex (subgenus Culex) mosquitoes were also tested with Flavivirus-consensus primers, including Culex nigripalpus, Culex chidesteri, and Culex mollis/Culex inflictus.
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Mosquito inoculation index. The mosquito inoculation index (M) is a measure of the relative number of infectious vector mosquitoes derived from feeding on a vertebrate host population. 33 The value for M is derived from the product of vertebrate host population (P), vertebrate infection rate (I ), and vertebrate reservoir competence (C):
Because the natural process of a vertebrate host infecting hematophagous vectors should incorporate host preference twice (once for the process of infecting the vertebrate host, and once for the process of vectors acquiring the infection from the vertebrate host 34 ), we modified the formula to incorporate the host selection of both infectious and uninfected host-seeking mosquitoes by squaring the vertebrate infection rate term.
This approach has been used in several studies of WNV in Chicago, IL, Colorado, and the mid-Atlantic, and has been shown to be useful in predicting WNV infection prevalence in mosquitoes and the timing of WNV epidemics. [35] [36] [37] [38] It represents a substantial advance over considering simply the abundance and seroprevalence because some abundant and frequently exposed species may be incompetent hosts, whereas others may be abundant but not frequently exposed, or vice versa.
We used relative abundance values, A, from the bird surveys for the population-based measure, P. Antibody seroprevalence, S, was used in place of I because in the absence of pathogen-attributed mortality, seroprevalence is equal to infection rate, and there is no evidence for WNV-attributed mortality in Guatemalan birds as yet. For vertebrate reservoir competence index values, we used data published for bird species infected with WNV from southern Mexico. 39 These values are derived experimentally from the duration and infectiousness of viremia and describe a species' innate potential for infecting mosquitoes. 40 Thus, our equation for mosquito inoculation rate is
Statistical analyses. Mosquito infection rates were calculated by the maximum-likelihood estimate for WNV-infected mosquito pools using the PooledInfRate version 3.0 program in Excel. 41 Logistic regression, Fisher's exact and χ 2 tests were used to analyze seroprevalence patterns among wild birds.
RESULTS
Identification of active West Nile virus transmission. We monitored WNV transmission in sentinel chickens from 2004 to 2005 in seven departments of Guatemala (Table 1) .
Five seroconversions (change in antibody status from seronegative to seropositive between two sampling time points) in chickens provided evidence of WNV transmission in the Department of Izabal. No evidence for active WNV transmission in chickens was detected in six other departments.
Temporal transmission of West Nile virus and relationship to temperature and rainfall. We monitored seasonality of WNV transmission in Puerto Barrios, Izabal by sampling chicken flocks monthly at 10 sampling sites. Seroconversions to WNV were detected annually, and only occurred during the period from May to October (Figure 3 Potential vectors. A total of 117,613 female mosquitoes corresponding to at least 37 species were captured (Supplemental Table S1 ). Focusing on Culex mosquitoes as potential WNV vectors, we tested these for virus plaque formation in Vero cell culture. A subset of pools corresponding to Cx. quinquefasciatus, Cx. nigripalpus and (since 2007) Cx. mollis/Cx. inflictus were also tested for flavivirus-(N = 1,551) and/or WNV-(N = 1,732) specific RNA by standard or real-time RT-PCR, respectively. West Nile virus was isolated from supplemental collections of mosquitoes at locations with recent chicken seroconversions to WNV from two pools of Cx. quinquefasciatus, two pools of Cx. mollis/Cx. inflictus, and three pools of undifferentiated Culex mosquitoes collected in July and August 2007. Infection rates in the Culex populations sampled at these points in space and time ranged from 0 in Cx. nigripalpus to 15.7/ 1,000 mosquitoes in Cx. quinquefasciatus (Table 2) . A phylogenetic evaluation of these Guatemalan WNV isolates will be described elsewhere (CDC, unpublished data).
Population dynamics of Culex mosquitoes were assessed from standardized routine collections among the 10 sampling sites. Culex quinquefasciatus density peaked 1-4 months before the annual peaks of WNV infection incidence in chickens (Figure 3 ). In contrast, Cx. nigripalpus and Cx. standardized surveys comprising 119 species belonging to 41 families and 17 orders (including domestic and wild birds) (Supplemental Table S2 ). About one-third of these species (N = 37) were migratory (transients and winter visitors) and two-thirds (N = 82) were permanent residents, including domesticated species and captive birds. Greattailed grackle (Quiscalus mexicanus) was the most abundant species followed by domestic chicken (Gallus gallus) and claycolored thrush (Turdus grayi) in all seasons, representing 30-40%, 15-20%, and 5-10%, respectively, of all resident birds surveyed in Puerto Barrios ( Figure 5) .
A total of 3,833 individual wild birds representing at least 136 different species were captured using mist nets (Supplemental Table S3 ). Table S4 ). Seroconversions were detected among recaptures for the following species: clay-colored thrush (N = 4), great-tailed grackle (N = 1), ferruginous pygmy-owl (Glaucidium brasilianum, N = 1) and great kiskadee (Pitangus sulphuratus, N = 1). Seroprevalence differed significantly among habitats (urban versus rural), species, year and age (juvenile versus adult) ( Table 3) . Free-ranging birds were more likely to be seropositive for WNV if they were adult, captured near urban habitat, sampled in 2007 or 2008, or one of the following species: melodious blackbird (Dives dives), ferruginous pygmy-owl (G. brasilianum), gray-headed dove (Leptotila plumbeiceps), great-tailed grackle (Q. mexicanus), or clay-colored thrush (T. grayi). Among these, only the latter two species were abundant throughout the study area. In addition, the seroprevalence of the two most well sampled species, great-tailed grackle and clay-colored thrush, increased significantly coincident with the period of peak transmission observed in chickens (May-Nov 2007), and remained high thereafter ( Figure 6 ; Table 4 ).
The force of transmission between vertebrate amplifying host and mosquito vectors was quantified by calculating the modified mosquito inoculation index (M ) for great-tailed grackle, clay-colored thrush, and domestic chicken. These calculations predicted that great-tailed grackles infected 6,000 vector mosquitoes for every one mosquito infected by clay-colored thrushes, and that adult chickens infected no mosquitoes during the period of peak WNV transmission from May to November of 2007 (Table 5 ).
DISCUSSION
We sought to characterize ecological parameters of WNV transmission in a tropical ecosystem located in the municipality of Puerto Barrios, on the Atlantic coast of Guatemala.
The mosquito species found infected with WNV, Cx. quinquefasciatus and Cx. mollis/Cx. inflictus, are both members of the subgenus Culex, which is known to include important vectors of WNV throughout the world. 36, 42 Culex quinquefasciatus, known commonly as the southern house mosquito, is frequently found in close association with human activity in urban and rural areas, and has been implicated as a vector for WNV in the United States. 43, 44 This is the first report of WNV infection in Cx. mollis/Cx. inflictus. Little is known about the bionomics of Cx. mollis or Cx. inflictus. Larval forms of Cx. mollis may be distinguished from Cx. inflictus, but adults are morphologically similar. 24 Our collections probably refer to Cx. mollis, as Cx. inflictus is associated with salt water habitats, where it breeds in crab holes. 24 However, such habitats are located just a few kilometers from our study sites; therefore, we could not eliminate this species from consideration. Another recognized WNV vector, Cx. nigripalpus, outnumbered other Culex (Culex) species mosquitoes in the transmission focus, yet was not found to be infected. WNV-infected Cx. nigripalpus have been reported elsewhere in the Caribbean Basin (Puerto Rico) 45 and in Chiapas, *The table shows the coefficients (Coef.), standard errors of coefficients (SE), and odds ratios for categorical predictors relative to the reference level, which is given on the row of the predictor name and underlined. The statistics on the predictor row use χ 2 when there are more than two categories for a predictor. DF = degrees of freedom †Only species with significantly different seroprevalence (P 0.0029, α = 0.05) with respect to Columbina talpacoti (ruddy ground-dove) are shown. Eleven species for which no significant difference in seroprevalence was detected include Crotophaga sulcirostris (groove-billed ani), Euphonia hirundinacea (yellow-throated euphonia), Icterus pectoralis (spot-breasted oriole), Manacus candei (white-collared manakin), Momotus momota (blue-crowned motmot), Myiozetetes similis (social flycatcher), Pitangus sulphuratus (great kiskadee), Saltator atriceps (black-headed saltator), Saltator coerulescens (grayish saltator), Thraupis abbas (yellow-winged tanager), and Thraupis episcopus (blue-gray tanager).
the Mexican state that borders Guatemala to the west. 46 The population of Cx. nigripalpus from Honduras, which borders Guatemala to the east, has been shown to be competent for WNV transmission in laboratory studies. 47 To corroborate that this species was not involved with WNV transmission in Puerto Barrios, we found no association of Cx. nigripalpus population fluctuations in relation to WNV transmission. We did notice an increase of urban chicken seroconversions immediately following a strong peak of Cx. quinquefasciatus population density in May and June of 2007, but not following smaller early summer peaks in 2006 and 2008. Instead, in these years, low-level transmission in rural sites appeared to follow late season (September) population spikes of Cx. mollis/Cx. inflictus. It is likely that this pattern occurred in 2007 as well, although it was somewhat obscured by the large amount of virus and mosquito activity in the urban sections of the municipality.
Determining the importance of mosquito species as vectors of WNV ("vectorial capacity") requires characterization of vector competence, and field estimates of virus infection, relative abundance, and host selection. 48 Most studied populations of Cx. quinquefasciatus have been found to be moderately vector-competent for WNV in laboratory experiments. 49, 50 Although vector competence studies for Guatemalan mosquitoes have not been reported, a laboratory colony of Cx. quinquefasciatus from Tegucigalpa, Honduras, was shown to be moderately competent with a Guatemalan strain of WNV. 51 A study of the host selection of selected Culex mosquito species in urban and rural areas of the municipality of Puerto Barrios in 2008 found that Cx. quinquefasciatus fed primarily on birds, and to a lesser degree on humans and other mammals. 52 Therefore, these mosquitoes appear to be serving as WNV vectors particularly in urban areas and represent a risk for WNV transmission to humans and horses. Cx. mollis and/or Cx. inflictus may play a small role as a WNV vector in rural areas. Avian hosts that are highly infectious and frequently fed upon by competent mosquitoes will be important in WNV amplification. 36 We found that the great-tailed grackle (Q. mexicanus), domestic chicken (G. gallus), and clay-colored thrush (T. grayi) were the three most abundant birds in the transmission focus. Although abundant, most chickens and clay-colored thrushes are incompetent as amplifying hosts for WNV. 39 On the other hand, the grackle was determined to be highly competent in a study of Mexican birds. 39 Using these data to calculate mosquito inoculation index values suggested that the great-tailed grackle in our study may have infected 6,000-fold more vector mosquitoes than the claycolored thrush. An alternative calculation derived from mosquito host selection studies also implicated the grackle as the primary amplifying host among free-ranging birds. 52 The great-tailed grackle appears to be a key avian amplifying host of WNV in Puerto Barrios, Guatemala. A different grackle species, the Greater Antillean grackle (Quiscalus niger), was implicated as a putative amplifying host for WNV in Puerto Rico, also during a burst of WNV activity in 2007. 4 In 2007, increased WNV activity was detected in diverse locations of the Caribbean Basin. In addition to Guatemala and Puerto Rico, transmission was detected in northern Colombia. 12 The widespread activity suggests a possible climatologic basis for the virus activity. The assessment of rainfall and temperature factors in Puerto Barrios supported previous findings from temperate locations that WNV transmission is associated with high temperature and low rainfall. Although rainfall creates new mosquito breeding sites for some mosquito species, it can also flush existing mosquito larvae from their current, productive breeding sites. Low rainfall may also favor population growth of Cx. quinquefasciatus by increasing the organic content of the water available for mosquito breeding, and elevated temperature accelerates the viral infection kinetics in the vectors. 53, 54 The impact of WNV on public health in Guatemala and throughout tropical America remains unresolved. 1, 36 Our study provides an opportunity to compare the enzootic transmission intensity of WNV in a tropical setting with that in temperate North America where relatively large outbreaks of human neurological disease have been observed. The numbers of chicken seroconversions per 1,000 chicken-weeks we observed (30-60 between June and August 2007) is comparable to , and odds ratios for categorical predictors relative to the reference level, which is given on the row of the predictor name and underlined. The statistics on the predictor row use χ 2 when there are more than two categories for a predictor. The Peak and post-Peak samples were not significantly different (P = 0.77) and were combined into a single season in this analysis. 43 but substantially lower than that seen in Kern County, California (100-300) where the human incidence was 6-17/100,000. 55 In Puerto Barrios, the density of infected mosquitoes (the product of mosquito abundance and WNV infection rates), summed across mosquito species during July and August, 2007, was 0.19 and 0.20 WNV-infected mosquitoes per trap night, respectively. This is comparable to the density of infected mosquitoes in July and August in Maryland in 2004 (0.16 and 0.12, respectively) when there were 16 cases in a population of 6 million or a yearly incidence of 0.266/100,000. 56 Given that the population of Puerto Barrios is about 60,000, then, using the observed levels of enzootic transmission in Puerto Barrios, the expected number of human cases in 2007 was fewer than 1. This analysis does not take into account biological differences in the vector communities of temperate and tropical ecosystems. Nonetheless, the intensity of enzootic transmission that we measured in Puerto Barrios suggests that human illness from WNV may be rare enough to be overlooked by health practitioners, especially given the similarity of the symptoms for febrile cases to other more common illnesses such as dengue or malaria.
Periods of intense transmission of WNV are likely to recur in Puerto Barrios and other WNV transmission foci in Guatemala and throughout tropical regions of the Americas. Our results suggest that sentinel chicken surveillance is a sensitive system to detect WNV transmission in a tropical ecosystem and could thus be used as an early warning system to potentially mitigate risk of large outbreaks in humans or horses. Urban populations of Cx. quinquefasciatus were the best culicine indicators of WNV transmission activity among the mosquitoes sampled in Puerto Barrios. Although the effort required for monitoring WNV transmission in freeranging birds is less cost effective for routine arbovirus surveillance, changes in seroprevalence among juvenile grackles and thrushes could be used to detect a recent increase in local WNV transmission, especially where bird mist netting operations are already in place. The level of WNV activity that we detected in Puerto Barrios using these surveillance methods was sufficient to cause an outbreak of human disease in a more populated region. Ecological surveillance of WNV in tropical and temperate ecosystems should be implemented where resources are available to better determine the burden of this invasive flavivirus on human, veterinary, and wildlife health throughout different geographical locations where this virus is likely to be circulating. 
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